The activity of neural precursor cells in the adult hippocampus is regulated by various stimuli; however, whether these stimuli regulate the same or different precursor populations remains unknown. Here, we developed a novel cell-sorting protocol that allows the purification to homogeneity of neurosphere-forming neural precursors from the adult mouse hippocampus and examined the responsiveness of individual precursors to various stimuli using a clonal assay. We show that within the Hes5-GFP ϩ /Nestin-GFP ϩ /EGFR ϩ cell population, which comprises the majority of neurosphere-forming precursors, there are two distinct subpopulations of quiescent precursor cells, one directly activated by high-KCl depolarization, and the other activated by norepinephrine (NE). We then demonstrate that these two populations are differentially distributed along the septotemporal axis of the hippocampus, and show that the NE-responsive precursors are selectively regulated by GABA, whereas the KCl-responsive precursors are selectively modulated by corticosterone. Finally, based on RNAseq analysis by deep sequencing, we show that the progeny generated by activating NE-responsive versus KClresponsive quiescent precursors are molecularly different. These results demonstrate that the adult hippocampus contains phenotypically similar but stimulus-specific populations of quiescent precursors, which may give rise to neural progeny with different functional capacity.
Introduction
New neurons are generated from resident populations of stem and precursor cells in the adult mammalian hippocampus, and have been shown to play a pivotal role in spatial learning and memory, as well as in the regulation of mood (Santarelli et al., 2003; Saxe et al., 2006; Sahay and Hen, 2007; Deng et al., 2010; Snyder et al., 2011; Vukovic et al., 2013) . The activity of these precursor cells is regulated by numerous factors, including physical exercise, stress, aging, neuronal activity, neurotransmitters, and antidepressants, thereby affecting the net production of new neurons (for review, see Ming and Song, 2005; Jhaveri et al., 2012) . Recent studies have shown that, in addition to the active precursor cells, the adult hippocampus also harbors a large population of quiescent stem and precursor cells, and have found that multiple mechanisms such as neuronal depolarization and longterm potentiation Kameda et al., 2012) , stimulation of ␤3-adrenergic receptors (Jhaveri et al., 2010) , GABA signaling antagonism , and physical exercise (Lugert et al., 2010) act as potent activators of these cells. However, whether these different neurogenic stimuli regulate one homogenous population or different subpopulations of hippocampal precursor cells is currently unknown.
To date, the lack of unique, stem cell-specific markers has hindered the phenotypic and morphological identification of functional stem and precursor cells in the adult hippocampus. Generally, cells with radial glia-like (RGL) morphology residing in the subgranular zone (SGZ) of the dentate gyrus and expressing Nestin, Hes5, or GFAP are considered stem cells (Lugert et al., 2010; . Within this population, the majority of cells (Ͼ90%) are negative for proliferative markers such as Mcm2, Ki67, PCNA, or BrdU, and are often referred to as quiescent stem cells (Lugert et al., 2010; Encinas et al., 2011) . Using these combined criteria, a genetic fate mapping study conducted at a clonal resolution in vivo has shown differences in the self-renewal capacity and fate choice among Nestin ϩ RGL cells, suggesting that the hippocampal stem cell population is not homogenous. Moreover, our previous studies have shown that neuronal depolarization and the monoamine neurotransmitter norepinephrine (NE) activate quiescent hippocampal precursor cells, including stem cells Jhaveri et al., 2010) , with combined NE and KCl treatment leading to activation of a much larger precursor pool (Jhaveri et al., 2010) . Collectively, these studies have suggested that heterogeneous populations of quiescent precursor cells reside within the adult hippocampus. However, although reporter-based strategies, either alone (Gao et al., 2008; Jhaveri et al., 2010) or in combination with cell-surface markers , have been used to prospectively isolate and enrich adult hippocampal precursor cells, none have purified these cells to homogeneity, thereby failing to provide any direct evidence for the presence of phenotypically or functionally distinct populations of hippocampal precursor cells. In this study, we prospectively identify and isolate a pure population of hippocampal precursor cells and test whether different neurogenic stimuli lead to the activation of similar or distinct populations of quiescent precursors.
Materials and Methods
Animals. Adult (8-to 12-week-old) C57BL/6J mice were used for the majority of the experiments conducted in this study. Mice expressing enhanced green fluorescent protein (GFP) under the control of the Hes5 promoter were obtained from the Mutant Mouse Regional Resource Center (University of Missouri, Columbia, MO). Nestin-GFP mice were bred on a C57BL/6J background, as previously described (Yu et al., 2005) , and express GFP under the control of the Nestin promoter. Both of these lines allow visualization of endogenous populations of neural precursors in the adult hippocampus. All mice were housed in groups and were maintained on a 12 h light/dark cycle with ad libitum access to food and water. Animals were treated in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes, and ethics approval was obtained from the University of Queensland Animal Ethics Committee.
Adult hippocampal neurosphere cultures. Adult male C57BL/6J mice were killed by cervical dislocation, and their brains were removed in ice-cold Hank's essential medium. The hippocampi were microdissected from the overlying cortex, as previously described in detail (Jhaveri et al., 2010) . The tissue was then minced, digested in 0.1% papain (Invitrogen), and gently triturated to obtain a single-cell suspension. An excess of DMEM/F-12 medium was added to halt enzymatic activity, and the cell suspension was centrifuged at 100 relative centrifugal force for 5 min. The resulting pellet was resuspended in 1 ml of complete neurosphere medium, composed of the following: NeuroCult NSC basal medium containing NeuroCult proliferation supplements (Stemcell Technologies), 2% bovine serum albumin (Invitrogen), 2 g/ml heparin (SigmaAldrich), and growth factors including 20 ng/ml epidermal growth factor (EGF; receptor grade, BD Biosciences) and 10 ng/ml basic fibroblast growth factor (bFGF; recombinant bovine, Roche). The cells were then plated in a 96-well plate and cultured in complete neurosphere medium containing EGF and bFGF, in the presence or absence of L-(-)-noradrenaline (ϩ)-bitartrate salt monohydrate (i.e., NE; 10 M), and 15 mM KCl or NE plus KCl. A water-soluble complex of corticosterone and 2-hydroxypropyl ␤-cyclodextrin was used at 10 M, and GABA was used at 50 M with or without NE or KCl. Dopamine (DA) hydrochloride was used to investigate the effects of DA on hippocampal precursors. For the neurosphere inhibition assay, hippocampal cells were pretreated with or without 100 M NE or dansyl-conjugated DA, followed by washes with excess medium and replating in neurosphere medium containing either 10 M NE or 15 mM KCl.
To evaluate the anatomical distribution of NE-and KCl-responsive quiescent precursors along the septotemporal axis of the hippocampus, the isolated hippocampus was placed under the dissecting microscope. A graticule was placed beneath the plate, and each hippocampus was divided into three equal parts using a scalpel blade, as shown in Figure  4A . The septal, middle, and temporal regions of four hippocampi were pooled and processed for the neurosphere assay as described above.
Fluorescence-activated cell sorting. Brains from 7-to 9-week-old Hes5-GFP mice (males) or Nestin-GFP mice (males and females) were removed, and their hippocampi were dissected as described above. A live-cell suspension was prepared using 0.1% papain, and the cells were resuspended in DMEM/F-12 medium. They were then incubated with biotinylated EGF conjugated with Alexa Fluor 647-streptavidin (EGF-647; 2 g/ml; Life Technologies) for 30 -40 min at 4°C, before being washed in an excess of DMEM/F-12 medium before sorting. Dead cells were excluded by labeling with propidium iodide (1 g/ml). Cells were analyzed and sorted on a FACS Aria sorter (Becton Dickinson). The GFP-positive gate was set relative to the basal fluorescence levels obtained from wild-type littermates. The cells collected from each of the populations were plated in 96-well plates in complete neurosphere medium containing no additional factor (control), NE, KCl, or NE plus KCl. Cells were imaged within 2 h of sorting using a Zeiss Axio-Imager microscope. The number of cells in each well (four to six wells for each sorted population) was quantified on the following day, and the average cell number for each sorted population was determined. For clonal analysis, sorted cells were diluted appropriately so as to obtain one cell per well. Clonal density was confirmed microscopically ϳ16 -18 h after plating by examining a minimum of eight wells for each of the fractions. A total of 24, 32, or 96 wells (depending on the total number of events obtained from the FACS for each experimental replicate) were treated per condition, and the total number of neurospheres obtained in each treatment group was determined on day 14. The total number of neurospheres obtained in the NE, KCl, and NE plus KCl groups was normalized to that obtained in the control group for each experimental replicate and plotted as a percentage of the control. The neurosphere-forming frequency was calculated by dividing the total number of single cells plated by the total number of neurospheres obtained for each of the treatment groups.
Immunohistochemistry. Eight-week-old Nestin-GFP mice (n ϭ 2) were anesthetized with isoflurane and decapitated, and 400-m-thick coronal brain slices were prepared in an ice-cold oxygenated sucrose solution (87 mM NaCl, 25 mM NaHCO 3 , 25 mM glucose, 50 mM sucrose, 2.5 mM KCl, 1.2 mM NaH 2 PO 4 , 4 mM MgCl 2 , and 0.5 mM CaCl 2 ), using a Vibratome (Leica). Slices were then placed in oxygenated artificial CSF (aCSF; 118 mM NaCl, 25 mM NaHCO 3 , 10 mM glucose, 2.5 mM KCl, 1.2 mM NaHPO 4 , 1.3 mM MgCl 2 , and 2.5 mM CaCl 2 ) and allowed to recover for 20 min at room temperature. To visualize EGF receptor (EGFR)-expressing cells in the hippocampus, sections were incubated with fluorescently tagged EGF ligand (EGF-647) for 45 min at room temperature, before being washed with excess aCSF and fixed with ice-cold 4% paraformaldehyde. Slices were then washed in 0.1 M phosphate buffer, embedded in 2% agarose, and resectioned (40 m) using a vibratome. They were then blocked in PBS containing 0.1% Triton X-100 (PBTX) and 5% normal goat serum for 1 h, followed by overnight incubation with chicken anti-GFP (1:4000; Life Technologies), after which they were washed three times using 0.1% PBTX and incubated for 2 h at room temperature with the secondary antibody goat anti-mouse Alexa Fluor 488 (1:2000; Life Technologies) and DAPI (1:1000). After several washes, the sections were mounted using Fluoromount (DakoCytomation) and imaged on a spinning-disk confocal system (Marianas; Intelligent Imaging Innovations) consisting of a Axio Observer Z1 (Carl Zeiss) equipped with a CSU-W1 spinning-disk head (Yokogawa Corporation of America), an ORCA-Flash4.0 version 2 sCMOS camera (Hamamatsu Photonics), and 20ϫ 0.8 numerical aperture (NA) PlanApo and 40ϫ 1.2 NA C-Apo objectives. Image acquisition was performed using SlideBook version 6.0 (3i). The resulting images were processed and visualized using Imaris version 7.7 software (Bitplane). Nestin-GFP ϩ /EGFR ϩ doublelabeled cells were quantified from five sections per mouse through the rostrocaudal axis of the dentate gyrus and were classified as RGL (DAPIpositive cell body in the SGZ with a radial-like process extending into the granule cell layer) or non-RGL (DAPI-positive cell body in the SGZ with no process). The total number of Nestin-GFP ϩ cells per dentate gyrus was quantified using the Imaris surface generation tools.
Corticosterone treatment. An emulsion of corticosterone was prepared by mixing corticosterone with 10% DMSO in sesame oil. Mice received a single subcutaneous injection of corticosterone (n ϭ 8, 40 mg/kg/d) or vehicle (n ϭ 5, 10% DMSO in sesame oil) on each of 7 consecutive days. This dose of corticosterone has been shown to elevate levels of circulating corticosterone, induce depressive-like behaviors, and reduce hippocampal neurogenesis (Johnson et al., 2006; Wong and Herbert, 2006; Murray et al., 2008; Brummelte and Galea, 2010) .
Transcriptome profiling by RNA sequencing and microarray analysis. Primary neurospheres measuring Ͼ200 m in diameter were collected for each of the individual treatments (NE or KCl). Each biological replicate comprised large neurospheres generated from eight hippocampi. Total RNA was extracted from neurospheres using TRIzol Reagent (Life Technologies) and chloroform (Sigma-Aldrich), followed by precipitation and washing with isopropanol and ethanol. Total RNA samples were treated with the Ambion DNA-free kit according to the manufacturer instructions to remove any contamination from genomic DNA (Life Technologies). DNase-treated samples were assessed for their RNA integrity number (RIN) using an Agilent RNA 6000 Pico Kit (Agilent Technologies) on the Agilent 2100 Bioanalyzer according to the manufacturer instructions. RNA samples with a RIN of Ͼ9 were selected, and a total of 100 ng was used for sequencing each sample (n ϭ 4 biological replicates). Sequence libraries were generated using the Illumina TrueSeq Prep kit (Illumina) as per the manufacturer instructions. An 8 pM final concentration of each library was used for subsequent cluster generation using a version 3 flow cell. The Illumina HiSeq 2000 sequencing system was used for paired-end sequencing with a read length of 101 bp. Image processing and sequence extraction were achieved using the standard Illumina HiSeq 2000 software and pipelines that were developed in house. The RNA sequencing dataset of this study has been deposited in the NCBI Sequence Read Archive with accession ID SRX810866.
Microarray data for the NE-and KCl-derived large neurospheres were generated essentially as described by Zhang et al. (2014) using Affymetrix GeneChip Mouse Gene 1.0 ST arrays (one new biological sample and two biological replicates in common with the RNA sequencing data). The original microarray data (.CEL files) were transferred to the Partek Genomics Suite, and data analysis was performed as described by Narayanan et al. (2013) . The results of microarray data served as an independent validation for differentially expressed genes that were detected from the RNA sequencing analysis. The microarray data from this study have been deposited in the NCBI Gene Expression Omnibus with accession ID GSE67304.
Bioinformatics. CASAVA software (version 1.8.2) was used to demultiplex the samples and generate the raw reads in fastq format, and the quality of raw sequence reads was evaluated using fastQC (version 0.10.1 devel) software. Low-quality nucleotides in the last 26 cycles were trimmed by custom PERL scripts before alignment. TopHat (version 1.3.2; Trapnell et al., 2009 ) was used to align the Illumina reads to the mouse reference genome (mm10) with the "-G mm10.GTF" option to provide gene model annotations. The FPKM (fragments per kilobase of exon per million fragments mapped) values of the genes were parsed from the outcome of Cufflinks (version 2.0.2; Trapnell et al., 2010) for the quantification of gene expression level. Based on "BAM" files with alignment results generated by TopHat and the gene transfer format (GTF) file with genomic features, HTSeq (version 0.5.3p9; Huang and Herbert, 2006) was used to generate read counts for each gene feature. Cuffdiff2 of the Cufflinks suite DESeq (version 1.10.1; Anders and Huber, 2010 ) and edgeR (version 3.0.8; Robinson et al., 2010) were then used separately to identify the differentially expressed (DE) genes at 5% false discovery rate (FDR) between the KCl and NE treatments for large neurospheres. The intersecting DE genes generated from these tools were compared and validated by the Affymetrix microarray platform using custom PERL scripts. Gene ontology (GO) enrichment analysis was conducted using DAVID tools (Huang et al., 2009) to identify the overrepresentation of GO terms in 433 DE genes.
Statistical analysis. All values are expressed as the mean Ϯ SEM. Results were subjected to statistical analysis using the statistical software Prism (GraphPad) and analyzed using either Student's t test or one-way or two-way ANOVA, with Bonferroni's post hoc test, as appropriate. Significance was determined at p Ͻ 0.05.
Results

Quiescent hippocampal precursor cells activated by different stimuli are Hes5-GFP
؉ and Nestin-GFP ؉ Our previous studies Jhaveri et al., 2010) have shown that the treatment of adult hippocampal cells with either depolarizing levels of KCl or the neurotransmitter NE activates quiescent precursor cells, resulting in a significant increase in the number of neurospheres, with an additive effect observed when the treatments are combined (Fig. 1A ). This suggests that the adult hippocampus may harbor distinct populations of quiescent precursor cells that differ in their responsiveness to different stimuli. To determine the phenotypic identity of these cells, we used transgenic mice expressing GFP driven by Hes5 and Nestin promoters, respectively. Recent studies (Lugert et al., 2010; Encinas et al., 2011) have shown that a large proportion of Hes5-GFP ؉ and Nestin-GFP ؉ RGL cells in the SGZ are nondividing. Upon activation, these quiescent precursor cells show differences in their cell division dynamics and lineage potential , Lugert et al., 2012 , although it remains unclear whether they are selectively activated by one or more neurogenic stimuli. We therefore used fluorescence-activated cell sorting to isolate Hes5-and Nestin-expressing hippocampal cells, and examined whether NE and KCl activated either or both of these populations in the neurosphere assay (Fig. 1B) .
First, Hes5-GFP ϩ and Hes5-GFP Ϫ cells were isolated from the adult hippocampus (Fig. 1C) , and the cells were plated in control medium containing mitogens (EGF and bFGF), or were treated with NE, KCl, or NE and KCl in the presence of these mitogens. The Hes5-GFP ϩ population contained all neurosphere-forming precursor cells, both active and quiescent, with no neurospheres observed in the Hes5-GFP Ϫ fraction in any of the treatment conditions. Treatment of the Hes5-GFP ϩ cells with either NE or KCl alone led to a significant increase in the number of neurospheres, with combined NE and KCl treatment further increasing the total number of neurospheres (Fig. 1E) . We also quantified the number of large neurospheres (measuring Ͼ200 m in diameter) obtained in all conditions, as these have previously been shown to result from the activation of a multipotential quiescent stem cell population with self-renewing and extensive proliferative capacity , Jhaveri et al., 2010 . NE or KCl treatment generated more large neurospheres per hippocampus than observed under control conditions (control, 0.5 Ϯ 0.3 neurospheres; NE, 7.9 Ϯ 1.6 neurospheres; KCl, 3.1 Ϯ 0.5 neurospheres), with a further significant increase obtained in NE and KCl (19.5 Ϯ 2.0 neurospheres) compared with NE or KCl alone (n ϭ 4 experiments; p Ͻ 0.001, unpaired t test). These data suggest that both NE-and KCl-responsive quiescent precursor cells, including a small population of highly proliferative stem cells, are Hes5-GFP ϩ . We then conducted a similar analysis using Nestin-GFP mice (Fig. 1 D, F ) . In contrast to the Hes5-GFP ϩ fraction, which contained the entire precursor cell population, 75.6 Ϯ 5.0% of the total neurosphere activity was obtained in the Nestin-GFP ϩ fraction in control conditions (n ϭ 4 experiments). Similar to Hes5-GFP ϩ cells, treatment of Nestin-GFP ϩ cells with either NE or KCl led to a significant increase in neurosphere formation, with an additive effect observed in response to NE and KCl (Fig. 1F ) . Significantly more large neurospheres were also obtained in NE and KCl compared with NE or KCl alone for the Nestin-GFP ϩ fraction (control, 0.8 Ϯ 0.6 neurospheres; NE, 10.8 Ϯ 3.6 neurospheres; KCl, 13.8 Ϯ 1.9 neurospheres; NE and KCl, 26.0 Ϯ 3.0 neurospheres; p Ͻ 0.05, unpaired t test). Together, our results demonstrate that both NE-and KCl-responsive quiescent precursor cells are Hes5-GFP ϩ and Nestin-GFP ϩ .
Selection of Hes5-GFP
؉ /EGFR ؉ or Nestin-GFP ؉ /EGFR ؉
cells purifies hippocampal precursors and reveals the presence of distinct subpopulations of quiescent cells in a clonal assay
We next sought to determine whether the increased number of neurospheres observed in NE and KCl was due to the additive effects of directly activating two distinct populations: the NE-and KCl-responsive quiescent precursors. To demonstrate this unequivocally, it was necessary to conduct these experiments at a "true" clonal density of one cell per well. However, as only 1 in 86.9 Ϯ 23.2 Hes5-GFP ϩ cells (n ϭ 4 experiments) and 1 in 67.5 Ϯ 9.0 Nestin-GFP ϩ cells (n ϭ 4 experiments) formed a neurosphere in control medium, we first sought to enrich the neurosphere-forming precursors for this analysis. Given that selection based on the expression of EGFR has been used success- ϩ and GFP Ϫ cells from the hippocampus of transgenic mice using fluorescence-activated cell sorting (FACS) and assaying their proliferative capacity using the neurosphere assay. C, D, Representative FACS plots showing gating of GFP ϩ and GFP Ϫ cells from the hippocampi of Hes5-GFP (C) and Nestin-GFP (D) mice. Dead cells were excluded based on propidium iodide (PI) staining. E, In the Hes5-GFP ϩ fraction, the combined treatment with NE and KCl generated significantly more neurospheres compared with NE or KCl treatment alone (n ϭ 4 experiments; unpaired t test). F, Similarly, in the Nestin-GFP ϩ fraction, a Ͼ2-fold increase in neurosphere formation was seen in the NE and KCl conditions compared with the control, with a further increase observed in response to NE and KCl (n ϭ 4 experiments; unpaired t test). All values are represented as the mean Ϯ SEM: *p Ͻ 0.05, **p Ͻ 0.01, ****p Ͻ 0.0001. (Fig. 2 A, C) and Nestin-GFP ϩ /EGFR ϩ (Fig. 2B ) cells were isolated from the adult hippocampus and plated at a clonal density in a 96-well plate. Treatment of these cells with NE or KCl led to an increase in the number of neurospheres compared with the control condition (Fig. 2 D, E) , thereby demonstrating that both NE and KCl directly activate quiescent hippocampal precursor cells. More importantly, a further significant increase comparable to an additive effect was observed in the presence of NE and KCl in both the Hes5-GFP ϩ /EGFR ϩ ( Fig.  2D) and Nestin-GFP ϩ /EGFR ϩ (Fig. 2E ) populations compared with either treatment alone, thus providing further strong evidence that two distinct populations of quiescent precursors, those activated by NE and those activated by KCl, are present in the adult hippocampus.
Notably, selection based on EGFR expression led to a very significant enrichment, with Hes5-GFP ϩ /EGFR ϩ cells representing a near-pure population of hippocampal precursor cells (Fig. 2G) . One neurosphere was obtained for every 1.3 Ϯ 0.4 Hes5-GFP ϩ /EGFR ϩ cells in response to NE and KCl, which corresponds to Ͼ75% of the purified cells being neurosphereforming precursors. A similar enrichment was also observed for Nestin-GFP ϩ /EGFR ϩ cells, with 1 in 2.3 Ϯ 0.6 cells forming a neurosphere in NE and KCl (Fig. 2G) . Overall, the majority of NE-and KCl-responsive quiescent precursors were found to be Hes5-GFP ϩ /EGFR ϩ or Nestin-GFP ϩ /EGFR ϩ (Fig. 2 H, I ). We next investigated where in the adult hippocampus the NE-and KCl-responsive precursors were located. Having demonstrated that both Hes5-GFP ϩ /EGFR ϩ and Nestin-GFP ϩ / EGFR ϩ selection provided similar enrichment of the neurosphere-forming precursors, we conducted this analysis using Nestin-GFP mice. Flow cytometry-based analysis revealed that the entire population of Nestin-GFP ϩ /EGFR ϩ precursor cells (231.5 Ϯ 40.8 double-positive cells/brain) was contained within the dentate gyrus, constituting only 4.7 Ϯ 1.0% of the total Nestin-GFP ϩ cells (Fig. 2F ) . Furthermore, to quantify and visualize the morphology of these neurosphere-forming precursors in situ, coronal hippocampal slices from Nestin-GFP mice were immunostained for EGFR using the EGF-647 ligand. Consistent with our flow cytometry data, this immunohistochemical analysis confirmed that Nestin-GFP ϩ /EGFR ϩ cells were rare, constituting 3.5 Ϯ 0.4% of the total Nestin-GFP ϩ cells in the dentate gyrus. Importantly, these colabeled cells were present in the SGZ, with 32.6 Ϯ 7.9% of Nestin-GFP ϩ /EGFR ϩ cells exhibiting an RGL morphology (Fig. 2 J, K,M ) and 67.4 Ϯ 7.9% having a non-RGL morphology (Fig. 2 L, M ) . Punctate EGFR expression was also noted on the processes of Nestin-GFP-expressing RGL cells (Fig. 2 J, K ) . These findings indicate that both RGL and non-RGL precursors residing in the dentate gyrus are capable of forming neurospheres.
Together, these results demonstrate that Hes5-GFP ϩ /Nestin-GFP ϩ /EGFR ϩ cells represent a near-pure and predominantly neurosphere-forming precursor cell population in the adult dentate gyrus, and reveal that this population comprises two distinct subpopulations of quiescent precursors that are directly activated by either NE or KCl.
Inhibition of NE-responsive precursors does not affect KClresponsive quiescent precursor cells
To further confirm the existence of two distinct populations of quiescent precursor cells, we tested whether we could selectively inhibit one population without affecting the activity of the other. As we have previously shown that the stimulation of ␤3 adrenergic receptors mediates NE-dependent activation of precursor cells (Jhaveri et al., 2010) , a single-cell suspension of hippocampal cells was treated with the selective ␤3 adrenergic receptor antagonist SR59230A in the presence of either NE or KCl. Treatment with SR59230A (50 nM) completely blocked the NEmediated increase in the number of neurospheres, but produced no change in the number of neurospheres obtained in the presence of KCl (Fig. 3A) . In addition, we examined whether 100 M NE, which we have found to inhibit neurosphere formation (data not shown), also selectively affects the activation of one or both populations of quiescent precursors. To test this, we treated freshly isolated hippocampal cells with 100 M NE for 2.5 h, after which the cells were washed and replated in neurosphere medium containing either NE or KCl (Fig. 3B) . Pretreatment with high NE led to a significant reduction (43 Ϯ 10.1%) in the number of NE-activated neurospheres, whereas the number of KClactivated neurospheres remained unchanged when compared with the control (no pretreatment) condition (Fig. 3C) . Collectively, these results demonstrate that the mechanisms that lead to activation of these two distinct quiescent precursor populations are different, and show that inhibiting NE-responsive quiescent precursors does not affect the activity of the KClresponsive population.
In our efforts to identify additional factors that can activate quiescent hippocampal precursor cells, we have found that treatment with 10 M DA also results in a significant increase in neurosphere numbers, similar to the increases seen in the presence of NE and KCl (Fig. 3 D, E) . We therefore sought to determine whether combined treatment with DA would exert any additive effect. Although treatment with DA and NE produced no such effect (Fig. 3D) , treatment with DA and KCl led to a significant increase in the total number of neurospheres (Fig. 3E) . These results suggest that DA could be activating the same subpopulation of quiescent precursor cells as that activated by NE. To confirm this, we assessed neurosphere formation in the purified Nestin-GFP ϩ cells at a clonal density. Similar to our results obtained from unsorted populations, no further increase in the number of neurospheres was obtained in DA and NE when compared with either treatment alone (neurosphere-forming frequency: DA, 1 in 29.2 Ϯ 0.6; NE, 1 in 24.3 Ϯ 2.0; DA and NE, 1 in 27.8 Ϯ 7.2; n ϭ 2; p ϭ 0.6). Having established that DA directly activated the same population of precursors as that which was responsive to NE, we assessed whether a high dose of DA, which also significantly reduced neurosphere formation (data not shown), would selectively reduce the number of NE-but not KCl-activated neurospheres. Similar to our results obtained with high NE, pretreatment with a high DA dose also led to a significant reduction (46.9 Ϯ 10.0%) in NE-activated neurospheres but did not alter the number of KCl-activated neurospheres (Fig. 3F ) . These data provide further evidence that the activity of a distinct subpopulation of quiescent precursors can be selectively attenuated, and reveal DA as another potent stimulus for the activation of the same subpopulation of quiescent hippocampal precursor cells as that which is responsive to NE. Each hippocampus was divided into three equal parts along this axis (septal, middle, and temporal), and the responsiveness of precursor cells residing in each of these subregions to NE, KCl, and NE and KCl was examined (Fig. 4A) . A similar number of live cells was obtained from each of these three regions from four hippocampi (septal, 45.1 Ϯ 1.6 ϫ 10 4 cells; middle, 47.9 Ϯ 3.2 ϫ 10 4 cells; temporal, 44.8 Ϯ 2.4 ϫ 10 4 cells; n ϭ 3 experiments). NE-and KCl-activated neurospheres were obtained from all three regions of the hippocampus; however, a significant increase in the number of neurospheres obtained in the NE and KCl treatment group was observed only in the middle and temporal regions (Fig. 4A) . The proportion of NE-but not KCl-activated neurospheres was also significantly reduced between the septal and the temporal regions of the hippocampus, and the temporal region harbored significantly more KCl-than NE-responsive precursor cells (Fig. 4B) . These results indicate that the anatomical distribution of the quiescent precursor cells that are activated by different stimuli is not uniform along the septotemporal axis of the adult hippocampus.
GABA and corticosterone differentially regulate NE-and KClresponsive precursor cells
The results so far have demonstrated that at least two subpopulations of quiescent precursors that are phenotypically similar but are activated by different neurogenic stimuli reside in a nonuniform fashion along the septotemporal axis of the hippocampus. Given that the proliferation of hippocampal precursors is regu-4 (Figure legend continued. ) either treatment alone. (n ϭ 3 independent experiments for Hes5-GFP and n ϭ 4 independent experiments for Nestin-GFP; unpaired t test). F, Quantification by FACS shows a similar number of Nestin-GFP ϩ /EGFR ϩ cells from the whole hippocampus (n ϭ 6) compared with those present in the dentate gyrus (n ϭ 4). G, Table depicting the neurosphere-forming frequency of Hes5-GFP ϩ /EGFR ϩ cells (n ϭ 3 independent experiments) and Nestin-GFP ϩ /EGFR ϩ cells (n ϭ 4 independent experiments) plated at clonal density in control (EGF and bFGF), NE, KCl, and NE and KCl conditions. Note that nearly all Hes5-GFP ϩ /EGFR ϩ cells (one neurosphere for every 1.3 Ϯ 0.4 cells) formed neurospheres in NE and KCl, whereas there was only one neurosphere for every 8.6 cells in the control condition. lated by numerous factors, we next investigated whether neurogenic modulators such as GABA and stress would affect the activity of the two quiescent subpopulations equally or selectively. A recent report has demonstrated that GABA tonically inhibits the activation of only a proportion of Nestin ϩ quiescent RGL stem cells in the adult hippocampus. We therefore treated hippocampal cells with NE or KCl in the absence or presence of GABA. Our results revealed a significant and selective reduction in the number of NE-responsive neurospheres in the presence of 50 M GABA, whereas the total number of KCl-activated neurospheres remained unchanged (Fig.  5A) . A significant reduction in stem cell-derived large (Ͼ200 m in diameter) neurospheres was also observed in response to NE but not KCl in the presence of GABA (Fig. 5B) . These data demonstrate that GABA selectively inhibits activation of the NEresponsive but not the KCl-responsive quiescent precursor cells.
As our earlier results found that the temporal hippocampus, a region shown to be more vulnerable to stress, has significantly more KCl-than NE-responsive quiescent precursors, we hypothesized that stress may selectively affect the activity of KClresponsive precursor cells. Given that an elevation in the level of corticosterone has been shown to be a robust biological indicator of both acute and chronic stress (Gould et al., 1998; McEwen, 1999) , we examined the effect of exogenous corticosterone in regulating the activity of NE-versus KCl-responsive precursor cells. Short-term treatment of adult hippocampal cells with 10 M corticosterone in the neurosphere assay did not alter the total number of neurospheres obtained in NE but marginally reduced the number of KCl-activated neurospheres compared with the untreated control, although this result was not significant (Fig.  5C ; p ϭ 0.31). Interestingly, corticosterone treatment led to a selective and significant reduction in the proportion of KClactivated stem cell-derived large neurospheres (Fig. 5D ), which have previously been shown to constitute Ͻ10% of the total neurospheres , suggesting that corticosterone may affect the activation and/or proliferation of KCl-responsive stem cells. We also sought to determine whether chronic corticosterone treatment in vivo would selectively affect the activation of KCl-responsive precursors. Wild-type mice were treated daily with a single injection of 40 mg/kg corticosterone or vehicle for 7 d, after which their brains were removed, and hippocampal cells from each mouse were plated in control medium containing mitogens (EGF and bFGF) or treated with either NE or KCl (Fig.  5E ). As expected, treatment with NE or KCl resulted in a more than twofold increase in the number of neurospheres obtained from vehicle-treated mice (Fig. 5F ). However, a significant reduction in the number of KCl-activated but not NE-activated neurospheres was observed from the mice treated with corticosterone, suggesting that corticosterone selectively reduces the activation of KCl-responsive precursors (Fig. 5F ).
Gene expression analysis of the progeny derived from NEand KCl-responsive quiescent precursor cells reveals distinct molecular signatures Finally, to examine whether NE-and KCl-activated quiescent precursor cells generate progeny with similar or different molecular profiles, we conducted whole-transcriptome profiling on large neurospheres using next-generation sequencing (Fig. 6A) . Sequencing of polyA ϩ -enriched cDNA from KCl-and NEderived neurospheres measuring Ͼ200 m in diameter generated a total of 406 and 301 million reads, respectively, with a mapping efficiency of Ͼ80% (data not shown). After aligning the RNA sequencing reads to the reference genome, FPKM values were used to measure the gene abundance. Of the total 23,284 genes in the mouse reference (mm10), 13,335 (57.27%) were detected as expressed genes (FPKM values Ͼ0.5) in at least one of the biological replicates, with 12,812 genes expressed in KClderived neurospheres and 13,150 genes expressed in NE-derived neurospheres. Expression analysis using three independent software tools, Cufflinks-Cuffdiff, DESeq, and edgeR, revealed a total of 433 genes that were differentially expressed between NE-and KCl-derived large neurospheres (Fig. 6B ). Of these, 301 genes were upregulated, whereas 132 genes were downregulated in NEcompared with KCl-activated large neurospheres. Importantly, cluster analysis of the 433 differentially expressed genes showed high reproducibility across biological replicates (Fig. 6C) . We further validated differential expression of these 433 genes using microarrays as an independent transcriptome platform. Comparison of the microarray and RNA sequencing data revealed that 420 of 433 differentially expressed genes were also present in the microarray, with 393 (267 upregulated and 126 downregulated) Figure 4 . Distribution of NE-and KCl-responsive precursor cells along the septotemporal axis of the hippocampus. A, A schematic representing an equal division of the isolated hippocampus into septal (S), middle (M), and temporal (T) regions, and the total number of neurospheres generated from these regions in each of the conditions. Note that a significant increase in the number of neurospheres obtained in NE and KCl was observed from the middle and temporal regions but not from the septal region of the hippocampus when compared with either treatment alone (n ϭ 3 experiments, two-way ANOVA for treatments, F (2,4) ϭ 10.49, p Ͻ 0.05). B, Quantification of the proportion of the total NE-or KCl-activated neurospheres across the septal, middle, and temporal regions of the hippocampus revealed a significantly higher proportion of NE-activated neurospheres from the septal versus the temporal hippocampus (two-way ANOVA: F (2,12) ϭ 7.4, p Ͻ 0.01). Notably, the temporal hippocampus produced significantly more KCl-activated than NE-activated neurospheres. Values are represented as the mean Ϯ SEM: *p Ͻ 0.05, **p Ͻ 0.01.
showing consistent differential expression between the two platforms (Fig. 6D) . The validation rate of 93.57% from the microarray analysis of differentially expressed genes further supports our conclusion that the progeny generated by activating NE-responsive versus KClresponsive precursors is molecularly different. GO enrichment analysis was applied to the differentially expressed genes to identify the pathways and cellular processes that showed significant enrichment in NE-derived versus KCl-derived neurospheres. Specifically, we focused on GO classes associated with neuron development and function that showed significant enrichment (Fig. 6E) , which revealed several neurotransmitter receptors, ion channels, and synaptic proteins that were differentially expressed (Fig. 6F ) . We further probed our differential gene dataset with that reported in a previous study (Bracko et al., 2012) in which the transcriptomes of purified populations of Sox2 ϩ neural precursor cells and doublecortin (DCX)-positive immature neuronal cells in the adult hippocampus were compared. Among 433 differentially expressed genes, a number of genes were highly expressed (top 30%) in DCX ϩ cells. In particular, this analysis showed that transcripts for the neurotransmitter receptor Gabbr1, enriched in NE-activated neurospheres, and Gria4, enriched in KCl-derived progeny, were both expressed and enriched in DCX-positive immature neurons, suggesting that the activation of NE-responsive versus KCl-responsive precursors generates neurons that potentially have different molecular characteristics.
Discussion
In this study, we have identified and purified to homogeneity almost the entire population of neurosphere-forming precursors from the adult hippocampus. Our findings reveal that within the Hes5-GFP ϩ /Nestin-GFP ϩ /EGFR ϩ cells, which represent a near-pure precursor cell population, there exist two subpopulations of quiescent precursors, one of which that is activated by NE and one that is responsive to KCl. Furthermore, analysis of their anatomical localization shows that the NEand KCl-responsive quiescent precursor subpopulations are not only differentially distributed along the septotemporal axis of the adult hippocampus but are also differentially regulated by neurogenic modulators such as GABA and corticosterone.
Although recent studies have focused on understanding the mechanisms that maintain or activate a large population of quiescent precursor cells residing in the adult hippocampus Jhaveri et al., 2010; Lugert et al., 2010; , none so far has addressed whether different neurogenic stimuli lead to the activation of different subpopulations of these quiescent precursors. Based on an inducible fate-tracking approach, recent studies have proposed the existence of heteroge- . Note the selective reduction in the NE-but not KCl-activated neurospheres in the presence of GABA (n ϭ 4 experiments; unpaired t test). B, Distribution of neurospheres based on their size revealed a significant decrease in NE-derived neurospheres across all groups in response to both 50 and 100 M GABA (unpaired t test). No change in KCl-activated neurospheres was noted in the presence of GABA. C, The relative number of NE-and KCl-activated neurospheres remained unchanged in the presence of 10 M corticosterone (CORT; unpaired t test). D, Distribution of neurospheres based on their size shows a significant reduction in the neurospheres measuring 100 -200 m and Ͼ200 m in KCl and CORT compared with KCl alone. No such reduction in neurosphere size was observed in NE and CORT when compared with NE alone (n ϭ 8 experiments, unpaired t test). E, Experimental outline of the in vivo corticosterone treatment. F, The relative number of KCl-activated neurospheres was reduced following the 7 d treatment with corticosterone in vivo (unpaired t test). Note that the number of NE-activated neurospheres was similar between vehicle-treated mice (n ϭ 5) and corticosterone-treated mice (n ϭ 8). Data are represented as the mean Ϯ SEM: *p Ͻ 0.05, **p Ͻ 0.01. Figure 6 . Transcriptome analysis of the progeny derived from NE-versus KCl-responsive precursor cells by deep sequencing. A, Experimental plan showing the generation of neurospheres from NE-and KCl-responsive hippocampal precursor cells. RNA was isolated only from large neurospheres (Ͼ200 m in diameter) obtained in each of the treatments, and the samples were sequenced using a HiSeq 2000 sequencing system. B, Venn diagram showing the number of differentially expressed genes identified using Cuffdiff, DESeq, and edgeR between the progeny of NE-and KCl-responsive precursor cells. Black digits indicate the total number of differentially expressed genes, with red and blue digits indicating the number of upregulated and downregulated genes, respectively. C, Cluster analysis of 433 genes differentially expressed between NE-and KCl-derived neurospheres demonstrate high reproducibility between samples (n ϭ 4 biological replicates). The heatmap shows the relative NE/KCl expression values of 433 genes. D, Differentially expressed genes obtained from RNA sequencing were further validated using microarray analysis. Note the consistency in differential expression obtained between two transcriptome platforms. E, GO analysis of differentially regulated genes with putative neuronal functions. All classes shown are significantly enriched in their respective categories ( p Ͻ 0.01). F, Genes encoding neurotransmitter receptors, ion channels and synaptic proteins that are differentially expressed between the progeny of NE-and KCl-activated precursor cells. A positive fold change denotes higher expression in response to NE than to KCl. neity among hippocampal precursor cells DeCarolis et al., 2013) . However, failure to unequivocally identify and isolate true hippocampal stem and precursor cells, together with differences in labeling efficiency between Cre driver lines (DeCarolis et al., 2013) , differences in the lineage potential observed among the multiple Nestin-Cre ERT2 lines generated to date Dranovsky et al., 2011; Encinas et al., 2011) , and limitations in the detection sensitivity of fate mapping (Sun et al., 2014) , have made the interpretation of these studies difficult. In particular, a major limitation of the genetically defined lineage studies has been the inability to provide any direct insights into the presence of different subpopulations of quiescent precursor cells that differ in their responsiveness to different neurogenic stimuli. The neurosphere assay has emerged as a powerful clonal readout for quantifying stem and precursor cell activity in the brain (Reynolds et al., 1992) . The cell-sorting protocol developed in this study to purify the neurosphere-forming hippocampal precursors has allowed the first interrogation of the presence of quiescent subpopulations of precursors that are activated by different stimuli.
A somewhat surprising finding was that a large proportion of Hes5-GFP ϩ /Nestin-GFP ϩ /EGFR ϩ cells did not form neurospheres in the presence of mitogens unless they were also treated with either NE or KCl, suggesting that the expression of EGFR alone is not sufficient to distinguish between active and quiescent hippocampal precursor cells. This is in contrast to a recent study by Codega et al. (2014) , which reported that all active precursors in the SVZ are EGFR ϩ and form neurospheres in the presence of mitogens. Quiescent precursors in the SVZ, on the other hand, are EGFR Ϫ and very rarely form neurospheres. As we also did not find any neurosphere-forming cells in the Hes5-GFP Ϫ or Nestin-GFP Ϫ /EGFR Ϫ fractions (data not shown), this suggests that the phenotypic identity of non-neurosphere-forming quiescent precursor cells may be similar in the adult SVZ and hippocampus. Given that EGFR ϩ cells in the hippocampus comprise both active and quiescent precursor cells, this leads us to speculate that EGFR ϩ quiescent precursors may be in a different functional state compared with EGFR Ϫ quiescent precursors. As we have previously demonstrated that ␤3-adrenergic receptors, which are part of the G-protein-coupled receptor (GPCR) family, are expressed on NE-responsive precursors (Jhaveri et al., 2010) , it is likely that GPCR-mediated transactivation of EGFR drives the activation and proliferation of these EGFR ϩ cells (for review, see George et al., 2013) . Similarly, KCl, acting via L-type calcium channels, may also lead to transactivation of EGFR signaling (Zwick et al., 1997) . Such a mechanism would ensure the rapid cell cycle entry of activatable (EGFR ϩ ) quiescent precursor cells upon neurogenic stimulation as well as the preservation of the non-activatable (EGFR Ϫ ) quiescent precursor pool. A similar mechanism has recently been proposed to occur in quiescent populations of muscle stem cells, which transition from G o to G alert as an adaptive response to injury and stress (Rodgers et al., 2014) .
An important question to consider is why multiple quiescent precursor cell populations exist in the adult hippocampus, given that they primarily generate dentate granule neurons. A growing body of evidence suggests that anatomical, molecular, and functional differences exist along the dorsoventral axis of the hippocampus (Fanselow and Dong, 2010) . Emerging findings have implicated the septal or dorsal hippocampus in the regulation of spatial learning, whereas the temporal or ventral hippocampus preferentially regulates anxiety/mood-related behaviors (Kheirbek et al., 2013) . Furthermore, differences in the maturation rate of adult-born neurons have been observed along the septotemporal axis, with temporally located newborn neurons maturing at a slower rate than their septal counterparts (Piatti et al., 2011) . Our findings that NE-and KCl-responsive precursors are differentially distributed along the septotemporal axis, with a greater proportion of the NE-responsive population being located in the septal region and a higher number of KCl-responsive than NEresponsive precursors residing in the temporal region, suggest that discrete precursor subpopulations may underlie the differences in the functional properties of newborn neurons in these regions, thereby adding another layer of complexity to our current understanding of adult neurogenesis along this axis. In support of this possibility, our RNA sequencing and microarray analyses have found that a number of genes involved in synaptic transmission, including neurotransmitter receptors, ion channels, and synaptic proteins, are differentially expressed between the progeny of NE-and KCl-responsive quiescent precursor cells, suggesting that new neurons generated by activating distinct precursor subpopulations may have different functional properties. However, the possibility that some of the differences in the gene expression observed between the progeny of NE-and KClresponsive precursors reflect the effect of treatment rather than the intrinsic properties of precursor subpopulation cannot currently be excluded.
Fate-mapping and transplantation studies have demonstrated that adult precursor cells along the dorsoventral axis of the SVZ are functionally heterogeneous and maintain their regional identity by producing region-specific neuronal populations both in vitro and in vivo (Kelsch et al., 2007; Merkle et al., 2007) . However, whether new neurons arising from different subpopulations of hippocampal precursors also maintain such a regional specificity remains an important question for future studies. Interestingly, a recent report (Brunner et al., 2014) has proposed the presence of at least two SGZ populations of adult-born neurons with different intrinsic excitability properties that are largely independent of their cellular age or maturation stage. Furthermore, as we have shown that GABA selectively attenuates the activation of NE-responsive precursor cells, whereas exogenous corticosterone treatment specifically affects the KCl-responsive population, this prompts us to speculate that neurogenic modulators may selectively alter the proliferative capacity of a subpopulation of quiescent precursor cells, thereby leading to region-specific regulation in new neuron production.
Increasing evidence points toward stem cell heterogeneity as a common occurrence across adult somatic stem cells, particularly in the hematopoietic system where substantial progress has been made in understanding the functional contribution of phenotypically separable subsets of stem cells in generating lymphoid versus myeloid lineages (Schroeder, 2010; Lu et al., 2011) . The ability to purify hippocampal precursor cells combined with single-cell genomics may provide deeper insights into their molecular properties and will provide an unbiased means to interrogate distinct subpopulations of quiescent cells. For example, it will help to uncover whether precursors differ in their levels of ␤3-adrenergic receptors, which may underlie differences in their responsiveness to NE or KCl. The current study has advanced our understanding of the phenotypic identity of quiescent precursors and their responsiveness to different neurogenic stimuli; however, determining the functional outcomes of activating these select subpopulations in vivo remains a challenge. Ultimately, understanding the functional contribution of new neurons generated by activating these distinct subpopulations will be essential to guide future regen-erative strategies for the treatment of learning-and mood-related disorders.
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